The carboxyl-terminal domain of RNA polymerase U contains a tandemly repeated heptapeptide sequence. Previous work has show that this sequence is phosphorylated at multiple sites by a template-associated protein kinase, in a reaction that is closely associated with the Initiation of RNA synthesis. We have purified this kinase to apparent homogeneity from human (HeLa) cells. (4, 5) . The CTD is composed of repeats of the heptapeptide (SerPro-Thr-Ser-Pro-Ser-Tyr) (6, 7). Phosphorylation occurs cooperatively at multiple serine and threonine residues and induces a conformational change, as evidenced by altered immunoreactivity and sedimentation rate (8, 9) . The CTD is essential in yeast, Drosophila, and cultured murine cells (10-13). Mutations in the CTD impair the response of RNAP II to certain transcriptional activator proteins (14) (15) (16) ITo whom reprint requests should be addressed.
a catalytic component and a DNA-binding regulatory component. The regulatory component has been identified as Ku autoantigen, based on the molecular weights of its component polypeptides, its DNA-binding properties, and its reactivity with anti-Ku monoclonal antib . The Ku autoantien recrults the catalytic component ofthe kinase to the template. Ku autoantigen has been previously proposed to interact with DNA by a characteristic bind-and-slide mechanism. This mode of interaction may provide a mhn for targeting the kinase to the transcrption complex and other DNA-bound subtes.
Eukaryotic messenger RNA biosynthesis requires RNA polymerase II (RNAP II). In the presence of transcription factors, RNAP II binds to promoter sites on the DNA template to form a transcription complex. It then initiates transcription, moving along the template and copying the nucleotide sequence into RNA. RNAP II is phosphorylated at about the same time as RNA synthesis begins (1) (2) (3) , suggesting that phosphorylation may facilitate the transition from the promoter-bound to the elongating form of the enzyme.
The principal sites of RNAP II phosphorylation are in the carboxyl-terminal domain (CTD) of the largest subunit (4, 5) . The CTD is composed of repeats of the heptapeptide (SerPro-Thr-Ser-Pro-Ser-Tyr) (6, 7) . Phosphorylation occurs cooperatively at multiple serine and threonine residues and induces a conformational change, as evidenced by altered immunoreactivity and sedimentation rate (8, 9) . The CTD is essential in yeast, Drosophila, and cultured murine cells (10) (11) (12) (13) . Mutations in the CTD impair the response of RNAP II to certain transcriptional activator proteins (14) (15) (16) ITo whom reprint requests should be addressed.
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Proc. Nadl. Acad. Native RNAP II was purified from calf thymus by using 8WG16 monoclonal antibodies (28) . General transcription factors TFIID (TBP), TFIIB, and TFIIF were expressed in Escherichia coli and. purified as described (29) (30) (31) . The general factors were a gift of the D. Reinberg lab. Ku protein was prepared by phosphocellulose and double-stranded DNA-Sepharose chromatography and anion-exchange HPLC (27 (Fig. 1A) . These precisely comigrated with activity in the final three chromatographic steps. Kinase activity required both components (Fig. 1B ).
JUL
of Native RNAP H. Because the templateassociated CTD kinase was purified based on its ability to phosphorylate a GAL4-CTD model substrate, it was important to establish whether the purified enzyme was also able to phosphorylate the CTD of native RNAP II (Fig. 2) .
Efficient phosphorylation occurred in a reaction requiring seven purified macromolecular components: DNA, nonphosphorylated RNAP IIA, recombinant transcription factors TFIID (TBP), TFIIB, and TFIIF, and both components of the kinase. The majority of the radiolabeled large subunit of RNAP II was converted to the lower-mobility RNAP IT0 form, indicative of phosphorylation at multiple sites (4, 9) . The requirement for general transcription factors is of particular interest. TFIID, TFIIB, and TFIF are known to be involved in recruiting RNAP II to DNA (33, 34 that these factors enhance the phosphorylation by positioning RNAP II on DNA, where it is more efficiently recognized as a substrate by the template-associated kinase.
Kinase Component B Recruits Component A to DNA. To determine whether either of the kinase components had DNA binding activity, we performed electrophoretic mobility-shift assays. The experiments used an adenovirus major late promoter-containing DNA fragment similar to that in Fig. 2 . At low concentration, kinase component B generated a discrete protein-DNA complex (Fig. 3) (25, 35, 36) , in agreement with the observed molecular weights of the component B polypeptides. Previously, Ku has been shown to interact nonspecifically with DNA ends and, in a proposed bind-and-slide mechanism, produce a ladder of multimeric forms similar to that in Fig. 3 (37-41) .
Kinase subunits reacted, whereas neither reacted with a control antibody (Fig. 4A) . To further confirm that Ku protein is identical to component B, we tested Ku protein prepared by an independent method. Ku protein prepared by this method has previously been subjected to partial amino acid sequencing and shown to contain peptides identical to those predicted from cDNA clones (27) . This preparation of authentic Ku protein was capable of substituting for component B in a phosphorylation assay (Fig. 4B ). Finally, we tested the ability of monoclonal antibody against Ku protein to selectively deplete kinase activity from solution. Activity was depleted in reactions containing anti-Ku antibody, but not in control reactions (Fig. 4C) . Taken together, these data indicate that kinase component B is Ku protein.
DISCUSSION
We have shown that the template-associated CTD kinase is a two-component system. One component, which is identical to the Ku autoantigen, recruits the other to DNA, forming a complex that efficiently phosphorylates DNA-bound substrates. Ku is required for phosphorylation of both the GAL4-CTD model substrate and the CTD of native RNAP II. Other experiments have shown that Ku protein is also required for phosphorylation ofthe heat shock protein HSP90 (A.D., L. Y. Stein, B. Calore, and W.S.D., unpublished data), which has been widely used as a substrate for DNA-PK (20, 21 Upper and lower arrows denote multiply phosphorylated GAL4-CTDo and singly phosphorylated GAL4-CTDa reaction products, respectively.
Although Ku is a relatively abundant nuclear protein (400,000 per mammalian cell), its biochemical function has not been previously established. A number of prior observations have suggested, however, that it has a role in transcription. (In previous literature, Ku has also been referred to as PSE I, TREMF and TREF2, and NFIV.) The small subunit has clusters of acidic amino acids that resemble acidic transcriptional activating domains (25) . Purified Ku protein stimulates transcription of the U1 promoter (26) and a Ul-transferrin hybrid promoter (27) (27, 38, 43) . Ku also binds cooperatively with several transcription factors (38) , at least one of which, Oct-i, is a substrate for DNA-PK (21) .
The special properties of Ku protein might be important in the regulation of CTD phosphorylation and transcription. The ability to slide along DNA makes Ku ideally suited as a DNA-bound carrier for moving the kinase catalytic component along the template to the transcription complex. Transcription factors could influence this process in several ways. For example, some DNA-bound proteins might block the movement of Ku protein along the DNA, interfering with CTD phosphorylation. Others, particularly those with an affinity for Ku protein, might increase the local concentration of kinase in the vicinity of the promoter, enhancing CTD phosphorylation.
Despite much circumstantial evidence that CTD phosphorylation occurs during transcription, it has been difficult to demonstrate its precise role. One of the problems is the multiplicity of CTD kinases in the cell. A number of reports describe kinases that phosphorylate the CTD in solution (1, (44) (45) (46) (47) (48) , and at least one of these kinases influences the phosphorylation state of the CTD in vivo (49) . In addition, recent reports describe at least one other CTD kinase that copurifies with a basal transcription factor (48, (50) (51) (52) . This factor is a multi-polypeptide complex and has essential functions other than as a kinase. It has different enzymatic characteristics than the kinase we have purified, and it appears to have no subunits in common with that kinase. Preliminary phospho amino acid analysis of the phosphorylated CTD indicates that our kinase phosphorylates the CTD at different sites-i.e., serine and threonine residues equally rather than primarily serine (refs. 51 and 52; A.D., L. Y. Stein, B. Calore, and W.S.D., unpublished data). We expect that the elucidation of the polypeptide composition of different mammalian template-associated CTD kinases, together with the availability of immunologic reagents against the kinases and their accessory proteins, will allow a more detailed assessment of their involvement in the RNAP II initiation mechanism.
